Zerodur is a glass ceramic that has zero thermal expansion coefficient. It has good optical transmission in the visible light range. The zero thermal expansion property of Zerodur makes it an important substrate material for precision optical applications such as astronomical telescope and EUVL (13 nm) lithography. In this work, we demonstrated the crack-free micromachining of Zerodur using visible laser-induced-backside-wet-etching (v-LIBWE). We used eutectic Indium Gallium alloy (In/Ga) as the light absorber for the v-LIBWE process. Spectra of the light emission during the ablation or etching were recorded and compared using the real-time monitoring method. Measuring the intensity of the characteristic emission peaks allow us to determine the etching threshold in a more efficient way.
Introduction
Zerodur is a glass ceramic that has extraordinary property of zero thermal expansion coefficient between -50 °C to 100 °C (0 ± 0.10×10 −6 K −1 for class 2 product) [1] . Zerodur has good optical transmission in the visible light range (Transmission > 80 % from 460 nm to 2500 nm). The composition (in wt%) of Zerodur is 57. [1] . Compared to other common optical glass (BK7, thermal expansion coefficient = 7.1×10 −6 K −1 ; fused silica, thermal expansion coefficient = 0.54×10 −6 K −1 ), the zero thermal expansion property of Zerodur makes it an important substrate material for precision optical applications such as astronomical telescope and EUVL (13 nm) lithography.
Zerodur can be structured using CNC machining [2] but the reports on the micromachining of Zerodur are relatively few. Especially, the use of laser on the micromachining is rarely reported.
Laser-induced-backside-wet-etching (LIBWE) is a technique for micromachining of transparent substrate using excimer laser (wavelength λ = 248 nm) or diodepumped solid state (DPSS) lasers (λ = 266 nm and 351 nm) [3] [4] [5] [6] [7] . The LIBWE process is used to etch transparent material with high precision and to produce near optical quality surface. The advantages of LIBWE include lower etching threshold (1 order smaller than direct ablation for fusedsilica [5] ), higher effectiveness for transparent material, and smaller heat-affected zone (HAZ) when comparing to the traditional direct laser ablation.
Recently LIBWE using visible laser, i.e. v-LIBWE, has been demonstrated using nanosecond frequency doubled DPSS lasers (λ = 532 nm, pulse duration ~10 ns) together with organic dye absorbers [8] [9] [10] or metallic absorbers [11, 12] . The v-LIBWE uses economical green laser to obtain surface quality that is identical to that by traditional UV LIBWE. In addition, optical alignment using visible light is more convenient than using UV light. According to previous research [13] , the LIBWE using liquid metallic absorbers has higher etching rate and threshold fluence than those by using hydrocarbon absorbers.
Because Zerodur is not transparent in UV range, using v-LIBWE instead of UV LIBWE is a more practical approach for laser direct-writing micromachining. In this work, we used nanosecond 532nm laser and metallic absorber, eutectic Indium Gallium (In/Ga), to carry out v-LIBWE process on Zerodur. The light emission during the v-LIBWE process was monitored using a real-time monitoring method described in our previous works [14] [15] [16] to quickly determine the etching threshold. The etching rate and surface quality was also studied and reported.
Experiment

Materials and Reagents
Zerodur manufactured by Schott was obtained through a local supplier (HiLite Optronics Inc.). Zerodur slide with thickness of 1 mm +/-0.1 mm and double-side polishing was used for the v-LIBWE experiment. The slide was assembled with a silicone spacer and a glass slide to form a DOI: 10.2961/jlmn.2013.03.0011 sealed liquid chamber. The chamber dimension is 10 mm wide x 10 mm long x 1mm high. In/Ga liquid was injected into the liquid chamber using a needled (gauge #23) syringe.
The Indium Gallium alloy is prepared according to the literature [17] . The composition of the alloy used in this study was eutectic In/Ga (21.4 weight percent indium or 14.2 atomic percent indium). The eutectic In/Ga is a relatively new absorber for the LIBWE process [11] and has melting point of 15.3 •C at the specific ratio of the alloy. The low melting temperature makes it convenient to handle the metallic absorber for the v-LIBWE process.
Before the etching process, the Zerodur slide was cleaned by alcohol and wiped dry using a tissue paper. After the etching, the slide was soaked in 1N HCl for at least 3 hours and then sonicated in 1N HCl for 30 min and then in a detergent solution, TFD4, for 30 min. The slide was then washed by de-ionized water and blown dry by nitrogen air before surface analysis by a SEM (NOVA 200, FEI) or a laser confocal surface profiler (VK-9700 Keyence).
v-LIBWE setup and light emission measurement
In this work, the emission light during the direct ablation or v-LIBWE was monitored. The emission light measurement and v-LIBWE was carried out simultaneously using the setup similar to that described in our previous work [14, 16] . As shown in figure 1 , a 532 nm nanosecond Qswitched laser (Ekspla, NL201, modified to output only 532 nm light) was used in this study. The pulse duration is ~15 ns. The repetition rate is 2500 Hz unless stated otherwise. Average power of 0.4 mW to 35 mW was used in this study. The power was measured using a photodiode power meter (S120VC/PM100A, Thorlabs). Average pulse energy was calculated by dividing the average power by the repetition rate. The corresponding pulse energy was 0.16 µJ to 14 µJ. The laser beam was first expanded by 10 times and then directed into an inverted microscope (Olympus, IX71). The profile of the expanded laser beam was measured by a linear CCD (Thorlabs, LC1-USB) and then fitted by Gaussian distribution function to determine the expanded beam size. The expanded beam size was 8.3 mm.
The expanded laser beam was reflected by a notch dichroic mirror (DM, NFD-01 532, Semorock) or a 50/50 beamsplitter (SP, Omega Optical Inc.) and then focused at the first glass-liquid interface, i.e. the Zerodur-In/Ga interface, from the bottom to up by a 10X objective lens (Olympus Plan N 10X). When an SP is used, a long pass filter (540LP, 3 rd Millennium, Omega Optical Inc.) is used before collecting the emission light to the spectrometer. The DM, the SP and the filter provide flat spectral response in the observation range. The focused beam size (1/e 2 ) was calculated by the following equation [6, 18] to be 2.3 µm. (1) where d 0 represents the focused beam size; F is the focal length (=18 mm for objective used); λ is the laser light wavelength, and d i is the initial laser beam size (= 8.3 mm in this study). The focused beam size, d 0 , was used to calculate the laser fluence at the etching spot.
The In/Ga (i.e. the absorber) were held by the liquid chamber, as shown in figure 1(b) . The laser focusing is easily achieved by observing the strong reflection of In/Ga at the Zerodur-In/Ga interface. The chamber was fixed on a computer-controlled X-Y stage. The v-LIBWE was carried out by moving the stage at 0.5 mm/sec while the laser was focused at the Zerodur-In/Ga interface.
The emission light from the liquid chamber was analyzed by a cooled (-20 °C) scientific grade spectrometer (Ocean Optics QE-65000). The emission was collected by an optical fiber and delivered to the spectrometer for the analysis. The signal integration time was set as 40 ms to 100 ms. The relatively long integration time ensures that the emission caused by multiple incoming laser pulses was collected and averaged.
In addition to the emission spectra, the emission intensity of some signature peaks was measured at different laser fluences in order to monitor the etching threshold.
Trench etching by LIBWE
The purpose of the trench etching is for measuring the etch rate per laser pulse, referred to as the per-pulse etching rate in the following. The etching threshold is the lowest laser fluence that causes the etching. Trenches was etched by moving the stage at 0.5 mm/sec. In order to deepen the trenches for achieving correct depth measurement, each trench was repeatedly etched for 6 beam passes. Each pass is 10 mm long.
The depths of the trenches were measured by the laser confocal surface profiler for shallow trenches or the SEM for deep trenches and for observing cross-sections. The per-pulse etching rate was calculated using the following equation [5, 10] .
, where D is the etched depth; V is the moving speed of the laser beam (i.e. the speed of the stage); d 0 is the focused beam size; n is beam pass number, and f is the laser repetition rate.
The surface quality of the Zerodur before and after etching was measured by the laser confocal surface profiler.
Results and Discussion
Direct ablation of Zerodur
We first tried using the 532 nm laser for direct ablation, i.e. without In/Ga, of the Zerodur slide. The ablation result is shown in figure 2 . Apparent heat affected zone (HAZ) was observed. In addition, clear rainbow like pattern appeared in the region adjacent to the ablated region. This indicates dramatic refractive index changes, suggesting alteration of the Zerodur crystal structure in the region as far as several hundred micrometers away from the ablated line.
Different laser fluence was used for the ablation and the light emission was measured during the ablation. Two typical spectra are shown in figure 3 . It is clearly seen that when the ablation occurs, some sharp emission peaks were observed. Among these peaks, the 670.3 nm peak is the most prominent. Neither Indium nor Gallium show plasma peak close to this region [19, 20] . The 670 nm peak is attributed to the emission of Lithium (Li) in air [21] . In our observation, the emission peak is broader than what is observed under low pressure. This broadening is caused by the atmospheric pressure [22] . The band at around 700 nm existed with and without ablation. This emission is probably caused by the luminescence of Zerodur and is not suitable to be used as an indication of the ablation process.
The intensity of the Li peak was measured as the laser fluence was increased. As can be seen in figure 3 and the inset, when the ablation threshold is exceeded, the peak appears and the intensity abruptly increases. In order to estimate the ablation threshold, the linear regression of the lowest three intensities that exhibited the Li emission peak was calculated. The regression line was extrapolated to the X-axis and the intersection was estimated as the ablation threshold. The obtained ablation threshold is 100 J/cm 2 . Measuring the Li emission peak is advantageous in obtaining the ablation threshold without removing the substrate from the laser and can be used for real-time monitoring of the ablation process.
Since the direct ablation does not provide crack-free surface on Zerodur, we further tried utilizing v-LIBWE for the micromachining of this material.
v-LIBWE of Zerodur using In/Ga
In addition to its low melting point, In/Ga also has high surface tension and low viscosity [23] . These properties make it easy to handle the absorver when carrying out the v-LIBWE. In our experiment, In/Ga liquid was easily injected into and drawn out of the liquid chamber using a syringe manually. Moreover, crack-free trench etched using In/Ga was obtained. A typical trench etched using the v-LIBWE is shown in figure 4 . The magnified view shows a clean and crack-free surface. The surface roughness at the bottom of the trench is 0.55 µm (RMS). Although the theoretical focused beam size is 2.3 µm, the obtained trench width is in the range of 5 to 10 µm. However, at the region away from trench, no obvious distortion, cracking, or debris was observed. Although the obtained surface quality is larger than those obtained for fused silica (30 nm RMS) and sodalime (102 nm RMS) [11] , this result demonstrates that good etching of Zerodur is obtained using v-LIBWE with In/Ga as the absorber. We further investigate the etching rate and etching threshold.
Etching rate is usually expressed as etching rate per laser pulse. It was determined by measuring the depth of a trench and then divided it with the number of laser pulses scanning through a spot. By measuring the etching rate at different laser fluence, the minimal fluence that causes the etching is referred to as the etching threshold. The result is shown in figure 5(a) . The maximal etching rate shown in figure 5 is about 30 nm/pulse using fluence of 134 J/cm 2 . With larger fluence than this value, cracks formation was observed in trenches undergoing repeated etching. The obtained threshold for Zerodur is 50 J/cm 2 . This value is relatively high compared to sodalime glass (0.3 J/cm 2 ) using the same absorber [11] .
Determining the etching threshold by measuring the etching rate is time-consuming and is an off-line method. In our previous works we have demonstrated a more efficient method that gives identical etching threshold [14] [15] [16] . As shown in figure 5(b) , we measured the intensity of characteristic plasma emission, the 670 nm peak, at different laser fluence and then find the minimal fluence that induced the emission. The obtained etching threshold is 43 J/cm 2 , which is a little bit lower than that obtained by the depth-measuring method. It is noticed that the v-LIBWE threshold of Zerodur is only about 1/2 of that by direct ablation. For comparison, fused-silica, CaF 2 , and sapphire have larger difference between the direct ablation threshold and the LIBWE threshold LIBWE [4, 5] .
The difference in the threshold values obtained by the two methods may come from the fact that measuring the emission intensity is more sensitive in monitoring the etching process than the depth-measuring method does. As shown in figure 6 , the characteristic emission peak can be clearly observed with fluence as low as 39 J/cm 2 , which is significantly lower than those thresholds obtained in figures 5(a) and 5(b) . Since the plasma emission should be a consequence of etching process, the observation of the characteristic peak under 39 J/cm 2 should be an indication of the etching. We therefore conclude that the emission intensity method gives a more accurate threshold value than the depth-measuring method.
As the laser fluence increased from the threshold to about 100 J/cm 2 , the emission intensity increased linearly, corresponding to the slow etching region between 43 J/cm 2 to 100 J/cm 2 . When the fluence was larger than 100 J/cm 2 , the slope of the intensity increase became sharper. The fluence region between 100 J/cm 2 to 150 J/cm 2 corresponds to the fast etching region. This two-region etching behavior has been observed in the LIBWE etching of several materials, such as fused silica [12, 24] and sodalime glass [11] . The fluence dependency of the plasma emission showed an additional region when the fluence was larger than ~150 J/cm 2 . In this region, the slope of the emission increase became smaller than in the fast etching region. This region is not easy to be observed using the depthmeasuring approach because the crack formation in this fluence region made the depth measurement not practical. The laser fluence in this region may not be ideal for structure fabrication. However, the plasma emission in this fluence region may be helpful for the study of LIBWE mechanism under high fluence.
It is worth mention that the direct ablation threshold of Zerodur is ~100 J/cm 2 , which is inside to the crack-free fluence region of the v-LIBWE. This suggests that by using the fluence larger than 100 J/cm 2 , back-side wet etching and direct ablation may occur simultaneously. This may be part of the reason why the obtained surface roughness is larger than other materials using the same absorber and the same laser source.
Conclusion
In this work, we successfully obtained crack-free etching of Zerodur using v-LIBWE with eutectic In/Ga as the light absorber.
The plasma light emission during the ablation and the v-LIBWE process is measured and the characteristic peak of Li is monitored and used as an indication for the ablation and the etching process. The ablation and the etching threshold can be determined by measuring the emission intensity at different laser fluence.
We utilized two different methods to determine the etching threshold. The depth-measuring method gave a threshold of 50 J/cm 2 and the emission intensity method gave 43 J/cm 2 . We argued that the latter method gave a more accurate value. In addition, the emission intensity method reveals a new fluence region in the fluence dependency of the etching. 
